At the end of Decmber 1993 and also at the end ofJanuary 1995, the rer Meuse, one of the maeor s in Eurpe, flooded and. river bank were inundated. We i ted the possible health risks of exposure to heairy metal conentrations i river bank soils ul om the floodig of the iver Meus at the ead of 1993. Soil 
For example, 21 ,000 ha was inundated during the flood of December 1993 in the province of Limburg (10% of the total province) in The Netherlands (4) . In time, this frequent flooding of the river in the riparian countries implies a more or less serious contamination by river pollutants of the soil in these areas. Important chemical contaminants of the water phase, and also of the sediment, are heavy metals induding Zn, Pb, and Cd, as well as multiple organic compounds such as pesticides and polycyclic aromatic hydrocarbons (PAHs) resulting from the historical and actual industrial and agricultural processes in the catchment area (1, 5) . A study performed in The Netherlands after the flooding of the river Meuse in 1984 indicated that the flood deposits are highly contaminated by heavy metals (5 (9, 10) . The uptake of heavy metals by plants appears to be influenced by different factors specific for both soil and plant, such as pH, temperature, cation exchange capacity of the soil, the presence of other heavy metals in Figure 1 . Map of the river Meuse and the area under study. the floodplain ofthe river Meuse, and we calculated exposure risks as a consequence of the consumption oflocally grown vegetables.
Methods

Study Area
The study area (see Fig. 1 Agricultural crop samples were randomly collected from the fields. To determine dry weight, a subsample was taken from the agricultural crops. Ryegrass samples were taken with ceramic scissors up to 5 cm above the topsoil, sliced, dried at 700C, and ground in a stainless steel mill. From the wheat plants, only the ears were collected. The grains were separated, dried at 70°C, and ground. The total silage maize plants were collected, air-dried, bulked, and ground. The same procedure was applied to the agricultural potatoes as described for the potatoes grown in the experimental gardens.
Each sample (0.5 g) was treated with 20 ml of a 1:1 mixture of concentrated HNO3 and water purified by a MilliQ water purification system, and boiled for 30 min. After filtration, the filtrate was evaporated to a moist residue (2-3 ml) and subsequently diluted in 50 ml of 0.1% HNO3. Concentrations of Cd, Cu, Pb, and Zn were measured by AAS as described above.
Soilguideline values in -The Netherlands. At present, the Dutch government uses two guideline values, e.g., intervention and target value, to assess the degree of pollution in the soil and to decide on remediation strategies (16 (1) where C = concentration of the contaminant in different media, IR = ingestion rate, EF = exposure frequency, FI = fraction contaminated, AF = absorption factor, and BW= body weight.
In the present study, human exposure was assessed by two different methods. First, we applied the standard HESP model, the standard model in soil quality assessments in The Netherlands, which solely uses data on soil pollution as the input parameter. Relevant exposure pathways in relation to the agricultural function of the floodplain of the river Meuse were the ingestion of soil, the ingestion of crops grown on the contaminated floodplains, and ingestion of meat and dairy products from cattle, pigs, and poultry fed with feed crops grown on the contaminated floodplains. By modeling these pathways, we assumed that adults and children spent 24 hr/day every day of the year on the contaminated site. Moreover, the annual average fraction of time that adults and children spent outdoors on the site was 0.32 and 0.12, respectively. Furthermore, we assumed that 10% of the ingested vegetables, meat, and dairy products came from the contaminated site. The ingestion rates of soil and dust by adults and children were estimated to be 295 and 150 mg/day, respectively (8) .
Secondly, in view of the uncertainties regarding plant-soil transfer, the indirect exposure pathway of homegrown consumed vegetables was quantified by using the results of the heavy metal analyses in the crops grown in the experimental gardens on the soils of the floodplain, so that more specific data could be applied as input parameters to the HESP model. We (8) .
Furthermore, in the study area, it was questionable whether the locally produced dairy and meat products were actually consumed by inhabitants. Therefore, this pathway was exduded.
Total exposure levels were calculated for both children and adults and compared to the established tolerable daily intake values (TDI). The TDI refers to the dose of a substance that can be taken in daily without identifiable risk to lifelong exposure. Additionally, the hazard quotient was calculated, which refers to the ratio of the calculated lifetime daily exposure devided by the reference dose (TDI). Daily exposure (mg/kg/day) averaged over a lifetime (e.g, 70 years) was calculated by 6 
Results
Soil and Flood Deposits
Heavy metal analysis in deposits and underlying soil taken from five arable fields showed that the levels ofCd, Zn, Pb, Cu, and As in the deposits, (82%, 51%, 42%, 36%, and 17%, respectively) were markedly higher on average than in the underlying soil. Concentrations of heavy metals in soil samples collected at the arable fields are presented in Figure 2 . Spearman rank correlation coefficient analysis demonstrated a significant correlation between the organic matter fraction of the soil and the heavy metal content in the soil (except As). Subsequently, the pH of the soil significantly correlated with heavy metal content; the heavy metal levels were significantly interrelated (p<0.05).
Crops and Animal Tissue
The ranges of heavy metals in arable and fodder crops cultivated in the agricultural fields are shown in Table 1 , as compared to the guideline value according to the Commodities Act and to the Commodity Board on animal feed in The Netherlands. The permissible level for Cd (0.15 mg/kg fresh weight) was exceeded in only two wheat samples, despite the fact that these plants were cultivated in soils with a relatively low Cd content (1.1 and 4.4 mg/kg dw). The heavy metal content observed in the other arable and fodder crops were within normal background levels ( Table 2) . Cd appeared to be exceeded by children at all sample locations. For adults, the TDI was exceeded at 65% of the locations; this resulted in a hazard quotient for Cd varying from 1.4 to 5.5. Only at one location was the TDI for As and Zn exceeded by children; however, the hazard quotient was below 1. The ingestion of dairy and meat products from locally raised farm animals appeared to be the primary source of potential human exposure and accounted for more than 80% (adults) or 90% (children) oftotal human exposure.
Furthermore, human exposure was assessed by taking into account the locationspecific data of heavy metals in vegetables grown in the established experimental gardens. Table 4 summarizes the results of the actual exposure assessment for adults and children exposed to contaminants in the floodplain soil, which floods an average of once every 2 years. Only one experimental garden (No. 1) was located in this area (see Fig. 1 
Discussion Soil and Flood Deposits
In the area under study, the heavy metal concentrations in the soil of the floodplain of the river Meuse significantly increased with increased flooding frequency of the river. The area was frequently inundated in the past decades. The results showed an enrichment of the floodplain soil by heavy metals, predominantly Cd and Zn. In general, low levels ofAs and Cu were found in these soils; the concentration of As was comparable to background concentrations in Dutch agricultural day soils (6) . The wide range (Fig. 2) illustrates the variation ofheavy metal concentrations in the soil, which is probably related to differences in sedimentation, mineralogy, and partide size characteristics as well as nonfluvial supply of heavy metals (6) . The measured values were well in agreement with reported literature values (4, 6 bFor values below the detection limit, the detection limit has been used. clncluding background exposure.
Environmental Health Perspectives * Volume 107, Number 1, January 1999river after the flooding in January 1995 were, on average, of better or equal quality as compared with the situation in 1986, 1988, and 1993 (23) . The heavy metal concentrations in settled sediment collected in the area under study were in accordance with the values reported in our study after the flooding of the river during the winter of 1993-1994 (23) . Wolterbeek et al. (24) found higher metal concentrations in settled sediment in comparison to the topsoil after the flooding of the river in 1995. However, the higher concentrations in settled sediment did not result in a distinct increase in the metal content ofthe topsoil.
Heavy metal concentrations in surface water and suspended matter of the river Meuse have decreased during the last decades; however, the chemical quality of the sediment and soils of the floodplain has changed only to a minor degree (1) . This means that the quality of the flood deposits of the river Meuse did not change profoundly during the past decades.
Soil characteristics such as pH, organic matter fraction, and clay fraction were considered in this study. In general, the pH and organic matter of the soil decreased with the decrease of flooding frequency of the calciferous sediments ofthe river Meuse (6) . However, in this study, no relationship was observed between the soil level of heavy metals and the day fraction (<2 pm). Relatively low clay fractions were measured in this study (from 1 to 3.1%). This might be due to the high flow velocities in the study area during the flood of the river in December 1993. The transport capacity of water at high discharges is large, and erosion of the riverbed and the streambank may result in a large supply of coarse material (5, 6) . A decrease of flow velocities results in sedimentation of more finer material (23 (11) (12) (13) (14) (15) . For example, a low soil pH appears to increase the bioavailability of metals and enhances the uptake by plants (10, 28) . The area under study can be characterized as an agricultural area. In this study, most heavy metal concentrations in various arable and fodder crops grown in the area were within background values. In general, the relatively high pH of the floodplain soil (6.9 ± 0.6) reduced the availability of the metals for plant uptake (6) . However, relatively high levels of Cd in wheat were observed in relation to the relatively low Cd levels in arable soils. An earlier study in 1988 on heavy metals in arable crops grown on the floodplain of the river Meuse showed similar results and indicated that the Cd levels in wheat may exceed the permissible level of 0.15 mg/kg fresh weight if the corresponding floodplain soil is pH 7 or lower and the Cd content of the soil is 1 mg Cd/kg dw or higher (6) . In this study, samples of wheat exceeded the permissible levels. The Cd levels in the soil were 1.1 and 4.4 mg/kg dw and the pH levels of the soil were 5.5 and 7.3, respectively.
Our results confirm that the relative uptake of heavy metals differs between vegetable crops (13) . In the experimental gardens located on the floodplain of the river Meuse, the highest concentrations of Cd, Pb, and Zn were found in lettuce, whereas the highest concentrations of Cu were observed in potatoes. Lettuce and potatoes cultivated on a soil with an inundation frequency of once every 2 years on average exceeded Commodities Act standards. In the other experimental gardens, the heavy metal contents of the vegetables were within background values (18) . In a few cases, a significant correlation was observed between the metal uptake by the plant and the metal content in the soil. The Cd levels in lettuce and potatoes and the Zn levels in lettuce were significantly correlated with the Cd and Zn levels in the soil (Spearman rank correlation coefficient, p<0.05). However, due to the limited number of experimental gardens, no relationship could be assessed between the metal levels in vegetables and different soil factors such as pH, organic matter, and clay fraction.
The bioconcentration factor (BCF) is widely used in modeling human exposure in relation to exposure through ingestion of vegetables via the soil-plant-human pathway (9, 10, 29, 30) . The BCF is defined by the equilibrium concentration of the pollutant in plant tissue (dry weight) divided by the equilibrium concentration of the pollutant in the soil on a dry weight basis. As expected, the highest BCF values were observed for lettuce. The BCF values were 0.28-0.98 for Cd, 0.14-0.54 for Cu, 0.001-0.016 for Pb, and 0.14-0.26 for Zn. Moreover, the highest BCF value for potatoes and beans was found for Cu. The mean BCFs ± standard deviations of Cu for potatoes and beans were 0.14 ± 0.065 and 0.1 16 ± 0.06, respectively.
Ixposure Assessment
In using food chain exposure models, one has to be aware of the uncertainties that are inherent to the model parameters (9, 10, 29, 30) .
McKone and Ryan (10) performed an uncertainty analysis of a food chain model in relation to As and TCDD exposure and found that the overall uncertainty in exposure was due to the uncertainty in biotransfer factors which limits the precision of food chain exposure prediction to a 90% confidence range of roughly two orders of magnitude. By contrast, validation of the EPA food chain model based on background concentrations in air, water, and soil by Travis and Blaylock (30) indicated that the predicted total human exposure to contaminants in the food chain is within a factor of two of the measured exposure in market basket studies. However, the distribution of exposure in the population (variability) has not been assessed. McKone (9) indicated that both uncertainty and variability must be taken into account to estimate the overall variance in the prediction of exposure. For example, biotransfer factors (from soil to plant) can be seen as uncertain, whereas the daily vegetable intake is characterized by variability, which also may have an important influence on the variance of total exposure (29) .
The concentration in the plant depends on two processes: uptake through the roots with subsequent internal transport, and deposition of dust on the leaves and subsequent uptake (8) . Bioconcentration (21) . In the experimental gardens, lettuce, potatoes, and beans were grown as representative crops cultivated in domestic gardens. Lettuce, potatoes, and beans are grown by 93%, 67%, and 98%, respectively, of the home gardeners in The Netherlands (21) . No insight was available into the variability of the consumption rate of domestically grown vegetables in the area under study. The exposure calculation was based on the worst-case assumption that all vegetables consumed were home grown and that the consumption of any group was fixed in relation to the other groups. However, the actual consumption of homegrown leafy vegetables, potatoes, and legumes appeared to be on average, 57%, 12%, and 22%, respectively, for the home gardeners population in The Netherlands (21) . Taking into account these percentages, the calculated Cd exposure in relation to soil contamination of the floodplain with an inundation frequency of once every 2 years appeared to be decreased and resulted in an hazard quotient of 0.24.
Muller and Anke (25) investigated the relationship between high Cd levels in soil and plants and the Cd levels in hair, blood, and urine of people living in a contaminated area in Germany. The values were within the normal range, suggesting that exposure through the consumption of homegrown vegetables may be excluded. By contrast, Staessen et al. (31) found that 2-4% of the variance in the long-term body burden of Cd was due to the consumption of vegetables grown in domestic gardens on sandy acidic soils, implying that the ingestion of locally grown vegetables is an important source for human Cd exposure.
In summary, although the soils of the floodplain of the river Meuse appeared to be enriched with heavy metals, the heavy metal contents in crops grown on these soils were within normal background values. Incidentally, high Cd values were observed in wheat, lettuce, and potatoes. The human health risk associated with the heavy metal contamination of the soil, and indirectly the food chain, seemed very low. The most important exposure risks were associated with Cd and Pb levels in soils that have a flooding frequency of once every 2 years. In the case of Pb, the most important exposure pathway was ingestion of soil, whereas for Cd, ingestion of locally grown vegetables was the predominant exposure pathway.
In general, the applied exposure model can serve as an assessment tool to identify the critical exposure pathways in situations of soil pollution. However, the results of this study suggest that current exposure assessment models are likely to both overestimate and underestimate exposure through the ingestion of vegetables to a considerable degree. Therefore, location-specific data are necessary to calculate actual human exposure through the ingestion of vegetables.
